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Real-time Pockels imaging is performed on semi-insulating CdZnTe to measure the electric field
profile in the material bulk. In steady-state room temperature conditions the measured electric
field profile is uniform, consistent with a low space charge concentration. At temperatures 270 K
a significant nonuniform electric field profile is observed, which we explain in terms of
temperature-induced band bending at the metal-semiconductor interface, causing the formation of
positive space charge in the bulk. Similar electric field distortion effects are observed when room
temperature CdZnTe is irradiated by x-rays, causing a high rate of photoinduced charge injection.
© 2010 American Institute of Physics. doi:10.1063/1.3373526
Cadmium zinc telluride CdZnTe is a wide bandgap
II–VI semiconductor material that has been studied exten-
sively for use as an x-ray and gamma ray detector. The at-
traction of CdZnTe for this application is due to the high
x-ray and gamma photon attenuation coefficient, caused by
the large effective atomic number, combined with good
charge transport properties. In addition, the bandgap of
CdZnTe is approximately 1.6 eV for 10% Zn concentration
which prevents excessive thermal generation of carriers at
room temperature and so allows room temperature detector
operation without excessive dark current. The availability of
high purity semi-insulating CdZnTe has improved in recent
years, with material grown by a range of methods including
high pressure Bridgman, traveling heater method, and vapor
phase transport. In the highest quality material, the bulk
resistivity is in excess of 1010  cm, with a correspondingly
low free carrier concentration. The material is semi-
insulating due to self-compensation due to one or more deep
mid-bandgap states in equilibrium with shallow impurity
levels. At room temperature the electron transport in
CdZnTe is predominantly unaffected by the presence of deep
levels, with a room temperature electron drift mobility of
1000 cm2 /V s. The dominant mobility mechanisms are a
combination of phonon scattering and impurity scattering,
and the electron mobility increases with decreasing tempera-
ture, e.g., reaching 1500 cm2 /V s at 250 K.1 In contrast hole
transport is relatively poor, with hole drift mobility values of
80–120 cm2 /V s reported at room temperature. In practice,
the mean hole drift length is lifetime limited, and is signifi-
cantly reduced in comparison to the mean electron drift
length.
In this work, we have studied the distribution of the
electric field profile through the bulk of CdZnTe radiation
sensors using the Pockels electro-optical effect. The aim of
this study is to investigate the development of nonuniform
electric field distributions which occur when the device is
operated at low temperature or under conditions of heavy
x-ray irradiation. Under normal operation the bulk electric
field is constant as a function of depth, consistent with a low
concentration of ionized space charge in the material. When
operated at low temperature, various authors have reported a
degradation in the measured gamma energy resolution, due
to a deterioration in the charge carrier drift properties in the
device. This is contrary to the expected improvement in drift
mobility that exists under moderate cooling e.g., tempera-
tures down to 200 K. Pockels measurements have been used
to directly demonstrate the presence of a nonuniform electric
field profile in devices at temperatures below 250 K that is
the cause of the poor detector response.
The Pockels electro-optical effect has been used
extensively to measure internal field distributions in
various material systems which exhibit voltage-dependent
birefringence2,3 In our work, samples of CdZnTe were sup-
plied by Yinnel Tech Inc., grown by a modified vertical
Bridgman method. The resistivity of the sample was
1010  cm, and the electron mobility-lifetime product was
510−3 cm2 /V. The device was fabricated with planar
evaporated gold contacts on the top and bottom surfaces,
with a high quality optical polish applied to the side surfaces
of the device. The CdZnTe sample was mounted on a
temperature-controlled cold finger inside a custom optical
cryostat. The cryostat is fitted with IR optical windows, and
the sample is illuminated with low intensity IR light which
has passed through a narrow band-pass 980 nm filter. A pair
of 90° orthogonally orientated polarizing filters are arranged
either side of the cryostat, with the transmitted light imaged
by an IR-enhanced digital charge coupled device camera.
Under these conditions the intensity of the transmitted light
Ix ,y has the following form:
Ix,y = I0x,ysin23n03r41d20 Ex,y , 1
where I0x ,y is the maximum intensity with the polarizers
parallel, n0 is the zero-field refractive index in CdZnTe, r41 is
the linear electro-optic coefficient, and d is the optical path
length through the crystal 6 mm. Very long acquisition
times were used to acquire optical transmission images
through the CdZnTe as a function of bias voltage, using a
very low optical power of 900 W /cm2 incident on the
sample.aElectronic mail: p.sellin@surrey.ac.uk.
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Figure 1 shows the experimental electric field profiles
measured in CdZnTe as a function of temperature. The inset
images a and b show the optical image obtained at 300 K
and 240 K, respectively. At 300 K the optical image shows a
uniform illumination from the top of the image cathode
electrode to the bottom of the image anode electrode,
equal to a uniform electric field profile. At 240 K the optical
image shows a band of high transmission intensity close to
the cathode, signifying a region of high electric field. The
main figure shows the resulting electric field profiles, with a
strong transition between 270 and 240 K to a nonuniform
distribution. At low temperatures the device shows a high
field region which extends 0.5 mm from the cathode, fol-
lowed by a low field region in the remainder of the device
which is the cause of the poor charge drift at low tempera-
ture.
The observed temperature dependences of electric field
profiles can be explained by the accumulation of space
charge at deep levels. In this case, the most simple model
consists of one near-midgap state, which is pinning the Fermi
level. The experimentally observed low temperature evolu-
tion of the electric field Fig. 1 can be explained by an
increase in the difference between work functions of Au and
CdTe with decreasing temperature. Gold represents one of
the most optimal materials for formation of noninjecting
and nonblocking contacts on semi-insulating CdTe and CZT.
The work function of Au Au is 5.3 eV Ref. 4 while the
work function in semi-insulating CdTe is in the range of
5.2–5.4 eV Ref. 5 depending on the position of the Fermi
level in the near midgap region. We assume that the work
function difference is nearly zero at room temperature the
profile of the field is almost flat, see Fig. 1. With decreasing
temperature the CZT bandgap increases, according to Refs. 6
and 7.
Consequently the near midgap level shifts as the band-
gap increases. We assume in the model, that the midgap level
which is pinning the Fermi level moves up in the absolute
energy scale to the conduction band, so increasing the differ-
ence between the work function of metal and semiconductor
MS. This results in the formation of positive space
charge near the electrodes bands are bent upwards. The
contact, which is nearly ohmic at 300 K becomes slightly
Schottky, when the temperature decreases. In our model, we
assume that the shift is 20 meV—part of the total bandgap
change which is approximately 30 meV in the range 200–
300 K. The parameters of the deep level used in the simula-
tions are as follows: Nt=11012 cm−3, Et=Ec−0.7 eV, 	e
=510−13 cm2, and 	h=310−14 cm2, where Nt is the
concentration of the deep level, Et is the energy calculated
from the conduction band, and 	e and 	h are the electron and
hole capture cross-sections. Simultaneous solution of the
drift-diffusion and Poisson equations was used to calculate
the resulting profiles of the space charge and of the electric
field at temperatures between 200 and 300 K.
The profile of the space charge in dependence of the
temperature is shown in Fig. 2. The positive space charge
increases with increasing band bending, extending to ap-
proximately 20% depth of the sample.
The corresponding profiles of electric field are shown in
Fig. 3. These profiles and their temperature development
agree very well with the experimental data Fig. 1 demon-
strating dramatic changes of the electric field due to space
charge present in the detector as a result of small band bend-
ing at the metal/semiconductor interface. Deformation of
electric field can result in a decrease in charge collection
efficiency. The weakening of electric field below the anode
increases the collection time of electrons 
col. The probability
of electron trapping and recombination increases causing a
deterioration in the detector performance due to incomplete
charge collection.
FIG. 1. Electric field profiles measured from the CdZnTe device at low
temperature, with a voltage of 500 V. The inset figures show the Pockels
image acquired at a 300 K and b 240 K.
FIG. 2. Profile of the calculated space charge as a function of temperature.
FIG. 3. Profile of the calculated electric field as a function of temperature.
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A similar modification of the internal field profile is
seen in CdZnTe under conditions of high charge injection,
even at room temperature.8 The spectroscopic performance
of CdZnTe detectors is often observed to deteriorate when,
for example, irradiated with a high intensity x-ray flux. This
behavior can substantially affect the performance of CdZnTe
detectors when used in x-ray imaging equipment. In situ
Pockels imaging of a CdZnTe detector has been carried out
while simultaneously irradiating the device with x-rays. Fig-
ure 4 shows the resulting electric field profiles, acquired at a
fixed bias of 450 V and room temperature, during x-ray
irradiation with a 50 kV x-ray tube. The dose rate on the
sample was adjusted as a function of the x-ray tube current
from 0 to 5 Gy/min. At increased dose rate a significant
alteration to the electric field profile is observed, which pro-
duces a local region of high field close to the irradiated cath-
ode, and a field minimum approximately 20% into the device
depth. This behavior is consistent with the build up of posi-
tive space charge caused by photogenerated holes which are
strongly trapped in deep levels in the material.9 At high flu-
ence irradiation, the rate of charge injection into the CdZnTe
is sufficiently high that charge trapping dominates over ther-
mal emission and recombination processes, and a significant
net space charge accumulates in the bulk.
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FIG. 4. X-ray induced electric field profiles, at room temperature. The data
were acquired at dose rates of 0 to 5 mGy/min. The inset Pockels images
were acquired at a 0 A, b 80 A, and c 480 A while the bias on
the crystal was constant at 450 V.
133509-3 Sellin et al. Appl. Phys. Lett. 96, 133509 2010
Downloaded 16 Aug 2010 to 131.227.27.130. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
